Introduction
============

Biofilm is known to exhibit enhanced antibiotic resistance by 10- to 1,000- fold compared to its genetically identical planktonic counterparts [@B1]. Consequently, clinical cases associated with bacterial infections (e.g., endocarditis and contamination of medical implants) are often relapsing or chronic after antibiotics treatments. Deeper knowledge of the resistance is necessary to seek clues for more effective use of the existing antibiotics or the development of new antibiotics. General resistance mechanisms found so far include cell wall modifications, enzymatic alternation of antibiotic binding affinity and genetic adaptations, but the limited penetration of the agents into the biofilm has been regarded as the primary cause of the resistance [@B2]. It has been suggested that the transport of antibiotics may be restricted by several factors such as adhesive extracellular polymeric matrix (EPS) or the increased effective path lengths due to the presence of large cell clusters in the transport paths [@B3], [@B4]. However, there has been no consensus on the major retardance factors against the solute transport.

For clear elucidation of the limited penetration, fluorescence imaging techniques have been routinely used to characterize the dynamics of antibiotics inside the biofilm such as penetration depths and diffusive permeabilities [@B5], [@B6]. But the interplay between the antibiotics and biofilm has not been investigated, despite the presumption that there could be a strong correlation between the limited antibiotic penetration and the complex biofilm structures comprising cell clusters and EPS [@B7]. The major limitation is due to the technical difficulty in concurrently labeling the bacteria and EPS, which consist of proteins, DNA and polysaccharides with a limited number of available fluorescent probes [@B8]. Raman microscopy, which does not require staining, can be a suitable alternative for biochemical studies on complex biological systems and thus, has been successfully used for multiplexed imaging and analysis of biofilms [@B9], [@B10]. However, the low quantum efficiency of the Raman effect (typically 10^-6^-10^-8^ relative to the excitation laser power) significantly prolongs the image acquisition time, limiting its use for rapid dynamic observations. Surface- enhanced Raman scattering (SERS), an enhancement process of the Raman signal up to \~10^12^-fold by bringing the metal substrates (e.g., Ag, Au, or Cu) near the analytes, is proven capable of real-time Raman imaging of biofilms [@B11]. The main drawback of SERS techniques is its poor reproducibility, owing to the high distance-dependence of the SERS intensity with the analytes (I\~1/d^12^), hampering its quantitative biochemical analysis [@B12]. Hence, multiplexed, real-time and quantitative imaging methods are much in need to realize the dynamic visualization of the interactions between antibiotics and biofilm components during the antibiotic penetration.

Stimulated Raman scattering (SRS) microscopy is a vibrational spectroscopic imaging technique without nonresonant background interference, suited for quantitative imaging of biosamples with chemical specificity [@B13]. Under a tight focusing of two excitation laser beams (pump beam, ω~p~; Stokes beam, ω~s~ \< ω~p~), the matching of the beat frequency (ω~p~- ω~s~) to the targeted chemical bond in the sample leads to an enhancement of Raman signal by up to 10^4^-fold. Further, a broader range of spectral information can be obtained by hyperspectral scanning techniques such as wavelength-sweeping [@B14], parallel multiplexing [@B15] and spectral focusing [@B16]. With the merits of its high biochemical selectivity and sensitivity, hyperspectral SRS microscopy has been utilized for rapid, label-free molecular imaging in biological systems [@B17], [@B18]. In parallel with the advances in SRS instrumentation, a new type of Raman imaging probes inspired from click chemistry [@B19] have been synthesized for complementary uses with SRS microscopy. For instance, the Raman tags/probes which have C≡C, C≡N or C≡D bonds [@B20] exhibit vibrational frequencies lying in the silent region (1800-2800 cm^-1^) without interference from Raman spectra of most biological/biomedical samples. Conjugation of the Raman tags with the targeted molecules thus renders a unique Raman peak to achieve high SRS imaging specificity without background interferences (termed as biorthogonal imaging) in biological and biomedical systems. Further, unlike fluorescent dyes which often suffer from signal fluctuations due to photobleaching and sensitivity to micro-environments, SRS signal is highly stable to perform reliable quantitation of the Raman-tagged molecules during the prolonged measurement period. It has been demonstrated that the Raman tag can be synergistically used with SRS microscopy for monitoring of metabolic processes and tracking of small molecules in biological systems [@B21], [@B22].

In this work, we apply the developed hyperspectral SRS microscopy coupled with a Raman tag to visualize the interplay between vancomycin (i.e., antibiotic) and Staphylococcus aureus (*S. aureus*) biofilm in real-time. Rapid hyperspectral SRS imaging based on spectral focusing followed by spectroscopic decomposition method (i.e., multivariate curve resolution analysis (MCR)) is used to generate 3-D label-free image of the *S. aureus* biofilm resolved into the bacteria and EPS components. Meanwhile, conjugation of the aryl-alkyne-based Raman tag synthesized to vancomycin allows *in vivo* monitoring of the antibiotic penetration and its dynamic interactions with the bacteria and EPS simultaneously. Utilizing the excellent photostability and linear dependence of SRS signal with the concentration of antibiotics, the intracellular dosages and diffusion constant of the penetrating vancomycin are further quantified. This study aims to uncover the factors that limit the penetration of vancomycin through real-time monitoring of antibiotic interactions with heterogeneous structures of *S. aureus* biofilm.

Methods
=======

Spectral focusing hyperspectral SRS microscopy
----------------------------------------------

Figure [1](#F1){ref-type="fig"} shows the schematic of spectral focusing hyperspectral SRS microscopy system developed for vibrational bioimaging [@B16]. A femtosecond pulse laser (Insight DS dual, Spectra-Physics) operating at a repetition rate of 80 MHz offers a 1041 nm laser pulse (pulse width of 120 fs) as the Stokes beam while the tunable output ranging from 680 to 1300 nm (pulse width of 100 fs) is used as pump beam. Electro-optical modulator (EOM) is used for amplitude-modulation of the Stokes beam at 20 MHz. The two excitation beams are collinearly combined at a dichroic mirror and passed to a laser-scanning microscope (MPM-4R, Thorlabs Inc.). An objective with high numerical aperture (NA) (XLUMPLFLN 20×, NA=1.0, Olympus Inc.) is used for tight focusing of the two beams onto the sample. After SRS processes on the sample, the two beams are collected by a condenser (CC Achromat/Aplanat, NA=1.4, Nikon) in the forward direction. A bandpass filter (795/75, Semrock) placed in the detection path spectrally blocks the Stokes beam from the collected beams. Thus, the pump beam alone will be detected by a photodiode (FDS1010, Thorlabs Inc.). The phase-sensitive detection is achieved by a lock-in amplifier (APE-Berlin) with a time constant of 19.6 µs (Supplementary Figure [S1](#SM0){ref-type="supplementary-material"}; and the mechanism of phase-sensitive detections and spectral focusing are described in details in [Supplementary Material](#SM0){ref-type="supplementary-material"}). To facilitate hyperspectral SRS imaging, the pump and Stokes laser beams are linearly chirped using 48 and 50 cm glass rods (SF-57), respectively, before microscope; and the resultant pulse widths of the pump and Stokes beams become 1.7 ps and 2 ps, respectively. The chirping enables us to scan the Raman shift differences by changing the inter-pulse delay between the pump and Stokes pulses (the working principle of spectral focusing technique is explained in [Supplementary Material](#SM0){ref-type="supplementary-material"}) [@B16]. A synchronization between the motorized delay stage and the frame grabber of the microscope is set up for automatic spectral scanning of the Raman shifts. The SRS intensity modulations due to the changes in the overlapping efficiency between the two beams are calibrated by measuring the intensity change of Rhodamine 6G over the same scanning range. For hyperspectral scanning from 2830- 2980 cm^-1^, the pump beam at 799 nm is used. For vancomycin-Raman tag imaging at 2218 cm^-1^, the pump beam is tuned to 846 nm. For two-photon excitation fluorescence (TPEF) imaging, a photomultiplier tube (PMT) detector is placed in the epi-detection path after a bandpass filter to block the laser leakage into the detector.

Multivariate curve resolution (MCR) analysis
--------------------------------------------

MCR analysis is a post-processing algorithm that can be used to decompose the hyperspectral SRS image stack into the corresponding spectrum of each major species and concentration maps in the samples. The algorithm of MCR is built based on the bilinear model where the spectroscopic data matrix (D) of unknown mixture can be represented by the product of pure concentration maps (C) and pure spectra (S^T^) of the k species in the sample [@B23]:

where E is the error matrix indicating noise of the data. The number of components (k) can be determined by principal component analysis (PCA). For decomposition of chemical spectra, non-negative concentrations and spectra can be imposed as constraints. Given the initial spectra of S estimated by using simple-to-use interactive self-modeling mixture analysis (SIMPLISMA) [@B24], the C and S^T^ are iteratively optimized using the alternative least squares method. In each round of iteration, the fitting performance is compared with the percentage of variance explained between the raw data and MCR spectra (r^2^). The iteration is ended when the convergence set of 1% is reached. The MCR algorithm is available in the MCR-ALS toolbox in MATLAB [@B25].

Cell culture
------------

Staphylococcus aureus (ATCC 29213, ATCC) was subcultured in tryptic soy broth (TSB) media for 12 hr. After centrifuged at 4,000 rpm for 5 min, the collected pellet was diluted with phosphate buffer solution (PBS) for measurement of the optical density at 600 nm (OD600). The concentration of *S. aureus* is adjusted to show the OD600 of 0.03 (corresponding to *S. aureus* concentration of 4.5×107 CFU/mL) and subsequently added to a 50-mm Poly-d-lysine-coated glass coverslip-bottom dishes (MatTek Co., Ashland, MA). The dish was left in an incubator at 37°C with fresh TSB media for 24 hr. The 1-day-old *S. aureus* biofilm was collected and washed with PBS 2 times before hyperspectral SRS imaging. To monitor the penetration of Van-PEPEA, 2 mg/ml of Van-PEPEA is directly injected into the buffer media under SRS microscope. To monitor the effect of Van-PEPEA on the biofilm, another batch of the 1-day-old *S. aureus* biofilm is incubated with 10 µg/ml of Van-PEPEA dispersed in TSB media. Each sample is collected for hyperspectral SRS imaging at the time points of 24 and 48 hr, respectively.

Results
=======

Characterization of van-PEPEA
-----------------------------

Vancomycin is an antibiotic drug against gram-positive bacteria including *S. aureus*. The glycopeptide chain of vancomycin facilitates binding to the peptidoglycan layer on the cell wall of *S. aureus* to prevent cross-linking of N-acetylmuramic acid (NAM)- and N-acetylglucosamine (NAG)-peptide subunits with the peptidoglycan matrix, which forms a building block of the bacterial cell wall (Figure [1](#F1){ref-type="fig"}A) [@B26]. Consequently, the cell-wall biosynthesis for cell divisions is inhibited. Further, the cross-linking makes the cell wall layer more permeable to induce selective inhibition of ribonucleic acid synthesis, thereby leading to the eventual death of the bacteria. Therefore, the physical binding to the cell wall is the critical step for the initiation of the antibiotic effect.

For specific tracking of vancomycin within the biofilm, we synthesized 2-(4-(phenylethynyl)phenyl)ethan-1-amine (PEPEA) Raman tag for conjugation with vancomycin (van-PEPEA; Figure [2](#F2){ref-type="fig"}B). We attached two phenyl rings at the both ends of the C≡C bond, which greatly enhance the polarizability and thus, increase the Raman scattering cross-section area of C≡C stretching as compared to a bare C≡C bond alone [@B27]. Such a synthesis strategy allows imaging of Raman-tagged vancomycin with high signal-to-noise ratio. We confirm the presence of the alkyne at 2218 cm^-1^ peak in the silent region (1800-2800 cm^-1^) of the biological samples (Supplementary Figure [S2](#SM0){ref-type="supplementary-material"}). Hence, vibrational resonance at 2218 cm^-1^ would allow highly specific SRS imaging of vancomycin without interference from the inherent biochemicals within the biofilm.

Next, we verify whether van-PEPEA retains the inherent functionality as antibiotics after conjugation with the Raman tag. We incubate planktonic (free-floating) *S. aureus* with van-PEPEA and measure the optical density of the sub-samples at 600 nm every 30 min. Figure [2](#F2){ref-type="fig"}C shows that the van-PEPEA can cause significant inhibition on the bacteria growth compared to the control. To further confirm that the inhibition is due to the binding of vancomycin, we apply SRS technique to image planktonic *S. aureus* samples at the 30-min time point. At the Raman shift of 2935 cm^-1^ of cellular proteins, general morphology of *S. aureus* can be imaged label-free. A good overlap between SRS images at 2218 cm^-1^ and 2935 cm^-1^ suggests that van-PEPEA has successfully bound onto *S. aureus* during incubation (Figure [2](#F2){ref-type="fig"}D). Further, we observe that SRS signal from van-PEPEA completely vanishes at the off-resonant Raman shift of 2260 cm^-1^, confirming the high affinity of alkyne Raman tag bound to vancomycin.

Spectral decomposition of *S. aureus* biofilm
---------------------------------------------

We demonstrate that hyperspectral SRS imaging technique can visualize the heterogeneous structures (e.g., bacteria and EPS) of the *S. aureus* biofilm. For hyperspectral imaging, we employ spectral focusing technique to achieve rapid scanning from 2830-2980 cm^-1^ without the need for wavelength sweeping [@B16]. Figure [3](#F3){ref-type="fig"}A shows a representative SRS image of the hyperspectral image stack. A movie of the entire SRS image stack and the corresponding SRS spectrum are available in the [supplementary information](#SM0){ref-type="supplementary-material"} (Supplementary Movie [S1](#SM0){ref-type="supplementary-material"} and Supplementary Figure [S3](#SM0){ref-type="supplementary-material"}). The representative image clearly delineates the bacteria clusters due to the strong resonance with CH~3~ stretching of cellular proteins at 2935 cm^-1^ at subcellular resolution (lateral resolution of \~500 nm) offered by SRS microscopy. The weak SRS signal is also detected concurrently from EPS between adjacent bacteria, since EPS is a composite of different molecules (polysaccharides, extracellular enzymes and DNA, etc) that exhibit CH~3~ stretching as well. As a result, the specificity for different biofilm components is generally low in the raw SRS images. In order to improve the specificity for bacteria and EPS, the raw hyperspectral SRS image stack is decomposed using the multivariate curve resolution (MCR) analysis. Here, we set the number of the major components in the sample as two, as the biofilm mainly consists of bacteria and EPS in a broad sense. Subsequently, we perform MCR analysis as described in *Materials and Methods* with hyperspectral SRS image stack as input. In the data set, r^2^ was 95% with convergence condition of 0.1%. The MCR spectra obtained show a high resemblance with spontaneous Raman spectra measured in an independent experiment (Figure [3](#F3){ref-type="fig"}B and [3](#F3){ref-type="fig"}C). Based on the comparison with the known spontaneous Raman spectra, the pair of MCR spectra and concentration profiles are labelled. The image corresponding to the pure *S. aureus* (Figure [3](#F3){ref-type="fig"}D) gives a more specific visualization of the bacteria. Similarly, the concentration profile (Figure [3](#F3){ref-type="fig"}E) represents EPS wrapping around the bacteria cluster as the extracellular matrix. Therefore, the morphology described in each MCR image matches their identities determined by the spontaneous Raman spectra. The heterogeneous structure of the biofilm is more vivid in the composite image (Figure [3](#F3){ref-type="fig"}F) compared to the raw SRS image (Figure [3](#F3){ref-type="fig"}A). For 3D visualization, z-scanning is performed with an interval of 1.5 μm along the z-direction into the biofilm (Supplementary Movie [S2](#SM0){ref-type="supplementary-material"}).

Monitoring of penetration of van-PEPEA into biofilm *in vivo*
-------------------------------------------------------------

We have investigated the penetration of van-PEPEA into the biofilm *in vivo*. We directly apply van-PEPEA to the biofilm immersed in PBS (clocked at t=0 min) and perform x-z line scan (z-step size of 1.5 μm along the z-direction into the biofilm (x = 40 µm, z = 22.5 µm); 5-min interval from t = 5 to 60 min). Figure [4](#F4){ref-type="fig"}A displays the snapshot of the evolution of van-PEPEA (red) within the visualized biofilm (Video is available in Supplementary Movie [S3](#SM0){ref-type="supplementary-material"}). In general, the penetration of van-PEPEA barely reaches the largest depth of 22.5 µm within the field-of-view. While some transport solute reaches as far as 15 µm, the maximum penetration depths are even shorter in the other transport paths (10 µm; Figure [4](#F4){ref-type="fig"}B), suggesting the considerable variations in penetration depths achieved across the biofilm. The z-profiles in Figure [4](#F4){ref-type="fig"}B show the fluctuations of van-PEPEA signal along the z-direction, implying local modulations of the antibiotic penetration into the biofilm.

To further assess the extent of interactions between the van-PEPEA and biofilm, we quantify the co-localizations between van-PEPEA and the components of the biofilm in terms of the Mander\'s overlap coefficient, which determines the proportions of the pixels in the van-PEPEA channel overlapping with *S. aureus* and EPS channels, respectively [@B28]. Figure [4](#F4){ref-type="fig"}C shows the increasing trends of the Mander\'s coefficients over time, indicating a continuous uptake of van-PEPEA. In general, co-localization between van-PEPEA and *S. aureus* is higher than EPS. In addition, the high coefficient value marked at the beginning of penetration implies that the binding is in a rapid fashion.

Quantitative analysis of diffusion of van-PEPEA into biofilms
-------------------------------------------------------------

Here, we quantitatively characterize the diffusion of van-PEPEA into biofilms. First, we obtain the intracellular concentration map of van-PEPEA. In the SRS image at 2218 cm^-1^, the direct conversion of the alkyne signal into the corresponding local concentrations of van-PEPEA is permitted due to the linear concentration dependence of SRS as well as the high photostability and specificity of the alkyne signal. A standard curve (Supplementary Figure [S4](#SM0){ref-type="supplementary-material"}) based on the pure van-PEPEA of known concentrations is used for the calibration. The uneven penetration of van-PEPEA becomes more evident in the concentration maps (Figure [5](#F5){ref-type="fig"}A and Supplementary Movie [S4](#SM0){ref-type="supplementary-material"}), highlighting the selective accumulation of van-PEPEA due to the heterogeneous architecture of the biofilm. The final concentrations are ranged from 16 to 40 mg/ml. To further determine the diffusivity of the biofilm, we construct an analytical model by combining the Fick\'s second law (to describe diffusion) [@B29] and the law of mass action [@B30] to investigate the 1D diffusion and binding of van-PEPEA to the *S. aureus* and EPS simultaneously.

where D = diffusion constant of biofilm, I~SA~ = intensity of the MCR concentration map for *S. aureus*, I~EPS~ = intensity of the MCR concentration map for EPS, I~v~ = intensity of the SRS image at 2218 cm^-1^ for van-PEPEA, and![](thnov09p1348i003.jpg) = fitting constants. The detailed derivation of the model can refer to [Supplementary Material](#SM0){ref-type="supplementary-material"}. Figure [5](#F5){ref-type="fig"}B shows the fitting results of the evolution profile of van-PEPEA at each depth interval (for simplicity, the display only shows a few intervals, but for actual fitting, the full range of 1.5 µm interval is utilized). The diffusion coefficient is estimated to be \~3.16 µm^2^/min. Given ![](thnov09p1348i004.jpg)![](thnov09p1348i005.jpg), the average penetration depth of van-PEPEA for 60 min can be estimated to be \~13.8 µm, which is consistent with our observations in Figure [4](#F4){ref-type="fig"}.

Monitoring of inhibitory effect of van-PEPEA on *S. aureus* biofilm
-------------------------------------------------------------------

Although it has been reported that vancomycin fails to eradicate biofilms due to the increased antibiotic resistance [@B31], there has been a lack of longitudinal studies to assess the antibiotic efficacy due to the difficulty in simultaneously monitoring the growing biofilm and vancomycin over time. Here, we demonstrate that the hyperspectral SRS imaging associated with aryl-alkyne Raman-tag can facilitate the longitudinal assessment of the inhibitory effect of vancomycin on the growing biofilm *in vivo*. Figure [6](#F6){ref-type="fig"}A shows that at 24 hr after treatment with vancomycin, the *S. aureus* biofilm exhibits reduced growth with more regions being void of cells compared to the control. After quantitative analysis of the bacterial growth by calculating the fraction of the bio-volume in the entire field-of-volume (Figure [6](#F6){ref-type="fig"}B), we found that the treated biofilm is about 2-fold smaller in volume than the control sample (unpaired two-sided Student\'s t-test, p \< 0.01). Evidently, the extensive distribution of vancomycin over the treated biofilm (red channel) suggests the action of the inhibitory effect. Despite the significant reduction of the treated biofilm, complete eradication is hardly achieved, possibly due to the limited penetration to the lower layers of the biofilm as observed repeatedly in our earlier results.

Consequently, at a longer incubation time (48 hr), the biofilm begins to re-grow to a significant volume. We find that it shows no significant difference from the control at 24 hr (unpaired two-sided Student\'s t-test, p\>0.05), suggesting that from 24-48 hr, the treated biofilm has grown as much as the control from 0-24 hr. Meanwhile, the amount of vancomycin within the biofilm is found to be significantly reduced (Figure [6](#F6){ref-type="fig"}C), indicating that the bound *S. aureus* has been cleared from the biomass after being killed under the antibiotic effect, and eventually van-PEPEA is released back to the media.

Discussion
==========

By taking advantages of the rapid hyperspectral SRS microscopy coupled with aryl-alkyne Raman tag synthesized, we realize for the first time the dynamic visualization of the interplay between vancomycin and biofilm components *in vivo*, gaining new insights into the mechanism of antibiotic resistance.

For visualization of the key components in the biofilm (bacteria and EPS), we demonstrate that Raman-tagged hyperspectral SRS imaging technique followed by MCR analysis can generate separate MCR concentration maps of the *S. aureus* and EPS with high specificity (Figure. 3D-F). We cross-validate each MCR result against corresponding fluorescence images obtained using SYTO 9 (Thermo Fisher Scientific) to stain the bacteria and Fluorescein-labeled Aleuria Aurantia Lectin (AAL) (Vector Laboratories Inc.) to visualize the polysaccharides in EPS (Supplementary Figure [S5](#SM0){ref-type="supplementary-material"}). The two types (SRS and fluorescence) of the images highlight the same target features, indicating a positive validation outcome. It is noted that in the regions where bacteria clusters are far apart, EPS is absent as well. These regions are likely to be the water channel in which SRS signal is void in the Raman band from 2830-2980 cm^-1^ [@B32]. Thus, the scanning range of the wavenumbers selected yields desirable MCR results that optimally decompose the hyperspectral SRS images into the specific components of the cells and EPS only. Infrared (IR) and Raman spectroscopy may be suggested as alternative tools to achieve the same spectral decomposition between the bacteria and EPS within the biofilm [@B33]. However, a rapid acquisition of 2/3D biofilm images would not be feasible with spontaneous Raman or IR imaging due to the poor signal-to-noise ratio or strong water absorption. Our spectral focusing hyperspectral SRS imaging technique proves the capability to acquire highly specific images of *S. aureus* and EPS within 40 s, which can be utilized to study dynamic interactions with vancomycin.

In our dynamic imaging (Fig. [4](#F4){ref-type="fig"}), limited penetration of vancomycin is evident as a congruent result with earlier studies with confocal fluorescence microscopy. Several explanations have been provided for the observation. Steward attributed it to the dense cell clusters that have increased the effective path length of the penetrating antibiotics [@B3]. Alternatively, the presence of the adhesive extracellular polymeric matrix (EPS) that can trap the antibiotic is proposed as the cause of the limited penetration [@B4]. However, Mander\'s co-localization analysis shows that co-localization of van-PEPEA with *S. aureus* is significantly higher than EPS due to the preferential binding affinity of vancomycin to the bacteria over EPS. Consequently, the regions of higher cell density trap the antibiotics in the midway, limiting their penetration depths. Similarly, the variations of penetration depths across the biofilm is likely caused by the uneven distributions of the bacteria. This implies that the limited penetration is mainly caused by binding of the antibiotic to the bacteria. On contrary, we notice a less vancomycin overlapping with the EPS, weakening the hypothesis on the role of EPS as a barrier against antibiotics.

The intracellular concentration mapping of van-PEPEA within the biofilm indicates that the regions penetrated by van-PEPEA can be treated with antibiotics of 4 to 10 folds higher concentrations than the administered dosage of 2 mg/ml. Consequently, in the longitudinal monitoring of the growing biofilms, the upper layer of the biofilm can be eradicated after 24 hr incubation with van-PEPEA. On the other hand, the bacteria at the lower layer, which are exposed to a sub-inhibitory dose of the drug due to the limited penetration, remain viable and eventually re-grow into substantial biomass after 48 hr incubation. Such an observation is supported by SRS results from our analytical model. Assuming that the typical thickness of a 3-day-old *S. aureus* biofilm is 100 µm [@B34], the estimated diffusion coefficient (3.16 µm^2^/min) requires 3160 min or 53 hrs to reach the bottom layer of the biofilm, a consistent prediction with our SRS imaging observations. Therefore, our quantitative analysis and longitudinal monitoring of the biofilm growth provides an evidence that the antibiotic resistance of biofilm observed is developed from the limited drug penetration.

In summary, we demonstrate that hyperspectral SRS microscopy associated with aryl-alkyne Raman tag synthesized is a powerful imaging technique for dynamic monitoring of the interplay among bacteria, EPS and vancomycin *in vivo*. We discover that the penetration of vancomycin within the biofilm is non-uniform with limited penetration depths achieved. Semi-quantitative analysis on the degree of overlapping between the vancomycin and the key biofilm components reveals that the phenomenon is attributed to the rapid binding of vancomycin to the bacteria. Further longitudinal monitoring of the antibiotic effects on the growth of the biofilms confirms that the shallower regions (\< 15 µm) in the biofilm show eradiation of the bacteria, while the bacteria at the deeper regions remains viable, eventually re-growing to a significant volume. Therefore, Raman-tagged hyperspectral SRS imaging technique developed in this work has ability for pharmacokinetic studies of antibiotics as well as for longitudinal monitoring of antibiotic effects on biofilms, which would facilitate the formulation of new antibiotics for more effective treatments of bacterial infections in near future.
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![**Schematic of spectral focusing hyperspectral SRS microscopy for bioimaging.** M, mirror; GL, Glass rod; EOM, Electro-Optical Modulator; DM, dichroic mirror; GM; galvo mirror; MO, microscope objective; CO, condenser; BF, band-pass filter; L, lens; PD, photodiode; PMT, photomultiplier tube.](thnov09p1348g001){#F1}

![**Vancomycin conjugated with PEPEA retains its antibiotic functionalities.** (A) Schematic of the binding mechanism of vancomycin on the cell wall of *S. aureus*. (B) Synthesis process of van-PEPEA (Detailed information on the synthesis steps and NMR and mass spectroscopy (Supplementary Figure [S6](#SM0){ref-type="supplementary-material"}) characterization are available in the [Supplementary Material](#SM0){ref-type="supplementary-material"}). (C) Bacterial growth curves at the exponential growth phase under incubation in different media (culture medium; 10 µg/ml vancomycin in PBS; 10 µg/ml van-PEPEA in PBS) (Details of the experiments are described in the [Supplementary Material](#SM0){ref-type="supplementary-material"}). (D) SRS images of planktonic *S. aureus* after incubation with van-PEPEA for 30 min. The top image visualizes *S. aureus* at Raman shift of 2935 cm^-1^ (CH~3~ stretching of cellular proteins). The middle image is obtained at Raman shift of 2218 cm^-1^ due to resonance with C≡C in van-PEPEA. The bottom image is the overlay image of the two upper images. All the images are obtained within 10 s with 19.6 µs of pixel dwell time for 384 × 128 pixels (120 × 40µm) and averaging 4 times. The average powers of the pump beam (799 nm for 2935 cm^-1^; 846 nm for 2218 cm^-1^) and Stokes beam (1041 nm) on the samples are 20 and 40 mW, respectively.](thnov09p1348g002){#F2}

![**Visualization of the heterogeneous structure of *S. aureus* biofilm.** (A) Representative SRS image obtained at 2935 cm^-1^ (CH~3~ stretching of proteins). The low image contrast between *S. aureus* and extracellular matrix is due to the non-specific distribution of proteins. (B) Spontaneous Raman spectra of *S. aureus* and EPS. The pure samples of *S. aureus* and EPS separated from a 1-day-old *S. aureus* biofilm and spectral measurements are performed using micro-Raman spectroscopy (Invia, Renishaw). (C) Pure spectra decomposed from the average SRS spectra (Figure [S3](#SM0){ref-type="supplementary-material"}) using multivariate curve resolution (MCR) analysis. Corresponding concentration profiles for *S. aureus* (D) and EPS (E) and their composite image. (F) For MCR analysis, a stack of SRS image from 2830- 2980 cm^-1^ with an interval of 15 cm^-1^ is used as an input. The stack of 11 images is obtained within 40 s with 19.6 µs of pixel dwell time for 128 × 128 pixels (40 × 40µm) and averaging 4 times. Scale bar = 10 µm.](thnov09p1348g003){#F3}

![**Dynamic interactions between van-PEPEA and *S. aureus* biofilm.** (A) Composite x-z SRS images (Green: *S. aureus*; Blue: EPS; Red: van-PEPEA) depicting the penetration of van-PEPEA over time (t= 0 to 60 min). The green and blue channels are obtained by MCR decomposition of the hyperspectral SRS images of the *S. aureus* biofilm. Distribution of van-PEPEA is obtained by tuning Raman shift to 2218 cm^-1^. Each x-z plane is obtained within 15 s with 9.6 µs of pixel dwell time for 128 × 84 pixels (40 × 40 µm) and averaging 4 times. (B) Intensity profiles of van-PEPEA acquired along the dotted lines (orange and blue) on the red channel of the composite image at t=60 min. (C) Mander\'s coefficients between van-PEPEA and *S. aureus* (Red), and van-PEPEA and EPS (Black) as a function of time. At each time point, the coefficients are longitudinally measured from 5 ROIs (n=5; range of standard deviation=4.20-9.03% for *S. aureus*; 5.28-16.2% for EPS). Scale bar = 10 µm.](thnov09p1348g004){#F4}

![**Quantification of van-PEPEA diffusion into biofilm** (A) Concentration map of van-PEPEA distributions in Figure [4](#F4){ref-type="fig"}A. The SRS intensity of van-PEPEA is calibrated based on the standard calibration curve of known van-PEPEA concentrations (Supplementary Figure [S4](#SM0){ref-type="supplementary-material"}). Scale bar = 10 µm. (B) *in vivo* evolution profiles of van-PEPEA at different depths. Dashed lines represent the fitting results using Eq. 1 for each depth. The range of standard error is 0.822-11.6%. R^2^ values are ranged from 0.47-0.89 with the average of 0.77. For better display, the standard error bar is multiplied by 5.](thnov09p1348g005){#F5}

![**Inhibitory effect of van-PEPEA on the growth of the 1-day-old *S. aureus* biofilm.** (A) 3D visualization of *S. aureus* (green) and van-PEPEA (red) distributions after incubation with van-PEPEA for 24 and 48 hr. The x-z orthogonal view indicates the thickness of growing *S. aureus* biofilm. (B) Measurements of the volume fractions of *S. aureus* from Figure [6](#F6){ref-type="fig"}A. The number of white voxels from binarized images is divided by the total number of the voxels in the field-of-volume (40×40×10 µm; voxel size \~0.3×0.3×1.5 µm). (C) Average SRS intensity of van-PEPEA distributed over the biofilm incubated for 24-72 hr, reflecting the amount of van-PEPEA present in the biofilm. All measurements are repeated on 8 different images for statistical validation (n=8). For hyperspectral SRS imaging, a stack of 11 images covering 2830-2980 cm^-1^ is obtained within 40 s with 19.6µs of pixel dwell time for 128 × 128 pixels (40 × 40µm) and averaging 4 times. For SRS imaging of van-PEPEA, SRS image at Raman shift of 2218 cm^-1^ is obtained within 3 s with the same imaging parameters. 3D SRS images are obtained by z-scanning over 10 µm with an interval of 2 µm. Scale bar = 10 µm.](thnov09p1348g006){#F6}
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